INTRODUCTION
Following the initial cloning of the metabotropic glutamate (mGlu) receptor mGlu " α [1, 2] , eight separate mGlu receptors have now been identified (for reviews, see [3, 4] ). Together with the recently cloned γ-aminobutyric acid (GABA) B receptor [5] and the Ca# + -sensing receptor [6] , they form a distinct superfamily of G-protein-coupled receptors (GPCRs) which, while retaining a seven-transmembrane-domain motif, show little other sequence or structural similarity with the muscarinic\adrenergic receptor superfamily. The mGlu and GABA B receptors are large in comparison with other GPCRs, and possess an extensive extracellular N-terminal domain, in which the ligand-binding domain is localized, and an intracellular C-terminus.
On the basis of their sequence similarity, pharmacology and signal-transduction mechanisms, mGlu receptors have been classified into three groups [3] . Group I consists of mGlu " and mGlu & receptors, which are coupled to phospholipase C [1, 7] , activate protein kinase C and release Ca# + from intracellular stores. In contrast, in expression systems, Group II (mGlu # and mGlu $ ) and Group III (mGlu %,' -) ) receptors are negatively coupled to adenylate cyclase. Analysis of their regional and cellular localizations, the development of selective pharmacological agents and the generation of mice with specific receptor knock-outs is enabling the function of these receptors to be elucidated. For example, mGlu " receptors are widely distributed in the brain, and they are enriched in the perisynaptic membrane [8] [9] [10] [11] . They can be activated during synaptic transmission [12] , and might be important for certain forms of synaptic plasticity involved in learning and memory [13] [14] [15] [16] and in neuronal damage [17, 18] . Within microsomes, the mGlu " α receptor is oriented with the Cterminal region exposed to the cytoplasm [19] , suggesting that Abbreviations used : (1S,3R)-ACPD, (1S,3R)-1-amino-1,3-cyclopentane dicarboxylic acid ; L-AP4, L(j)-2-amino-4-phosphonobutanoic acid ; (RS)-CHPG, (RS)-2-chloro-5-hydroxyphenylglycine ; (S)-DHPG, (S)-3,5-dihydroxyphenylglycine ; DMEM, Dulbecco's modified Eagle's medium ; GABA, γ-aminobutyric acid ; GFP, green fluorescent protein ; GPCR, G-protein-coupled receptor ; (S)-MCPG, (S)-α-methyl-4-carboxyphenylglycine ; mGlu, metabotropic glutamate. 1 To whom correspondence should be addressed (e-mail j.m.henley!bris.ac.uk).
and GFP fluorescence in single cells. Exposure to agonist induced a rapid loss of up to 30 % of membrane-associated fluorescence, with a corresponding decrease in the functional response. Following removal of the agonist there was recovery of both the membrane fluorescence and the functional response. These data suggest that the surface expression of G-protein-coupled glutamate receptors might be rapidly regulated in response to agonist activation.
Key words : green fluorescent protein, mGlu " receptor, metabotropic glutamate receptor, receptor movement. Immunoblots were probed with anti-mGlu 1 (lanes 1 and 2) or anti-GFP (lanes 3-6) antisera. Secondary antibodies were incubated with HRP-conjugated antibodies, and blots were revealed by enhanced chemiluminescence.
Figure 2 Localization of mGlu 1α -GFP expressed in HEK-293 cells
Cells were transfected with mGlu 1α -GFP (a, b) or GFP (c) and viewed under a Bio-Rad MRC1024 confocal microscope with illumination at 488 nm. In cells transfected with mGlu 1α -GFP, fluorescence was concentrated at the plasma membrane, in intracellular vesicles and in perinuclear membrane compartments. In cells transfected with GFP alone, the fluorescence distribution was even in intensity. No fluorescence was seen in untransfected cells (d).
insertion and removal from the plasma membrane is likely to be mediated via C-terminal interactions with other proteins. One recently identified class of proteins that can interact with mGlu " receptors is the Homer family of small PDZ binding proteins (PDZ is a 90-amino-acid repeat first found in PSD-95 Dlg ZO-1) [20] [21] [22] , which are thought to act as adapter molecules attaching the receptors to proteins in the cytoskeletal matrix. Currently, however, very little is known about the targeting and trafficking of mGlu receptors in cells.
A technique which has been used successfully to investigate the localization and movement of receptors is to image fluorescently tagged receptors in living cells using green fluorescent protein (GFP). A wide range of GFP fusion proteins have now been made and, in many cases, the addition of GFP has had little effect on receptor function or trafficking (e.g. [23] [24] [25] [26] ). In particular, GFP fusions of the β # -adrenoceptor and choleocystokinin A receptors have recently been shown to be fully functional in terms of their pharmacology and internalization\ recycling behaviour [27] [28] [29] . We report here the construction and functional expression of mGlu " α -GFP, the first GFP fusion protein of a member of the mGlu receptor superfamily. We demonstrate that this fusion protein is fully functional in a heterologous expression system, and that it can move rapidly to and from the plasma membrane in response to the level of receptor activation.
EXPERIMENTAL Materials
A red-shifted GFP, cloned into pCMX, was generously given by Dr. J. Pines (Cambridge, U.K.). pcDNA1.amp and the TOPO TA cloning kit were obtained from Invitrogen (Leek, The Netherlands). Anti-mGlu " antiserum was purchased from UBS (Lake Placid, NY, U.S.A.) and anti-GFP anti-serum was from Clontech (Palo Alto, CA, U.S.A.). Dulbecco's modified Eagle's medium (DMEM) was purchased from Gibco BRL (Paisley, Renfrewshire, U.K.) and SuperFect was from Qiagen (Crawley, West Sussex, U.K.). All other cell culture reagents were from Sigma-Aldrich (Poole, Dorset, U. 
mGlu 1α -GFP construction
The mGlu " α -coding sequence (GenBank accession number X57569) was cloned into the cytomegalovirus-driven mammalian Functional green fluorescent protein-tagged mGlu receptor expression vector pcDNA1.amp. A 297-bp region from the unique ClaI restriction site to the 3h end of the coding sequence was then amplified using primers (j)5h-GGG GAG GAC ATC GAT GAT GAC-3h and (k)5h-CGC GAC TCT CTC GAG GTA ACC TGC GGC CGC CGC CAG GGT GGA AGA GCT-3h to remove the TAG stop codon and insert a downstream NotI restriction site. The amplified fragment was cloned into pCR2.1 TA vector using the TOPO TA cloning kit, and sequenced to ensure fidelity of amplification. The sequenceverified mutated region was then ligated back into the mGlu " α -receptor-coding sequence to make a full-length mGlu " α receptor minus the stop codon (mGlu " α -STOP). A red-shifted GFP incorporating a Ser'& Thr mutation was then amplified using primers (j)5h-GCA TTC GTA GCG GCC GCG GTC GAC CCC AAG CTT CTA GGT ACC-3h and (k)5h-TGG CCT CGA GCC TCT AGA TAC CTA-3h, adding an upstream NotI restriction site and downstream universal stop sequence. The amplified GFP fragment was digested with NotI\XhoI, and cloned into mGlu " α -STOP to create mGlu " α -GFP. A schematic representation of the construct is shown in Figure 1(a) , and the amino acid sequence of the fusion region is shown in Figure 1 (b).
Cell culture and transfection
HEK-293 cells were cultured in DMEM, containing 1 g:l −" -glucose and supplemented with 2 mM -glutamine and 10 % (v\v) dialysed horse serum. Cells were maintained at 37 mC in a humidified atmosphere containing 5 % CO # . For transfection experiments, cells were grown on glass coverslips (22-mm diameter, grade 1 thickness, coated with 25 µM poly--lysine), and transfected using SuperFect according to the manufacturer's instructions. Briefly, 0.3-1.0 µg of each DNA was mixed with 15 µl of DMEM and 3 µl of SuperFect reagent per coverslip, and incubated at room temperature for 10-15 min. Aliquots of complete medium (100 µl) per coverslip were then added to the DNA\SuperFect mixture. Cells were washed twice in PBS, and incubated in 100 µl of transfection solution at 37 mC for 2-3 h. Cells were washed a further two times with PBS, and then cultured in complete medium. For transfections into HEK-293 cells, medium was additionally supplemented with 250 µM (S)-α-methyl-4-carboxyphenylglycine (MCPG) to lessen any potentially excitotoxic effects of the mGlu " α -GFP fusion on this cell line. Transfected cells were used within 48 h.
Confocal imaging
For imaging of GFP fluorescence alone, cells transfected with either GFP or mGlu " α -GFP were viewed under a Bio-Rad (Hemel Hempstead, Herts., U.K.) MRC1024 laser-scanning confocal microscope equipped with an argon-ion laser using 488 nm excitation\515 nm long-pass emission filters. For combined GFP and Ca# + imaging, cells were loaded with the membrane-permeable dye fura red-AM (10 µM, 60 min, 37 mC) and viewed under either a Bio-Rad MRC 600 or an MRC 1024 laser-scanning confocal microscope equipped with argon-ion lasers using a 488 nm excitation filter and 525\20 nm and 660DF50 nm (Omega) band-pass emission filters to image GFP and fura-red signals respectively. In all experiments, cells transfected with the mGlu " α -GFP receptor, but not loaded with furared, were used in parallel to ensure no ' bleed-through ' was evident from the green to red channels. Cells were continuously perfused with Krebs balanced salt solution (124 mM NaCl\ 2.9 mM KCl\1.4 mM NaH
at a rate of approx. 2 ml:min −" . Kalman integrations of five individual images were obtained every 10-120 s. Agonists were added to the perfusate as 2 ml aliquots. The fluorescence of individual cells was measured on a Macintosh computer using the NIH Image program. Membraneassociated fluorescence density was measured by drawing a line along the cell-perimeter fluorescence on each individual frame of an image series. A histogram of the fluorescence density along the line was displayed using Lasersharp 3.0 software (Bio-Rad), and the mean fluorescence density was used as a measure of mGlu " α -GFP fusion density.
SDS/PAGE and Western blotting
For immunoblot experiments, cells transfected with the appropriate DNA were solubilized with 100 µl of 10% (v\v) SDS and the protein was precipitated using methanol and chloroform, as described in [30] . Discontinuous SDS\PAGE [31] was performed using a Bio-Rad Mini Protean II upright electrophoresis system and either 6 % or 7.5 % resolving polyacrylamide gels, as described previously [19] . Following separation, proteins were transferred to nitrocellulose (Immobilon P) under wet-blot conditions (100 V, 1 h), blocked with 5 % (w\v) milk overnight, and then probed with antisera raised against the mGlu " α receptor Cterminus (obtained from UBS ; at a dilution of 1 : 2000, 2 h at room temperature). Immunoreactivity was detected using horseradish-peroxidase-conjugated secondary antibody and chemiluminescent detection (Boehringer Mannheim, Mannheim, Germany). In some experiments, the blots were then stripped and reprobed with an antibody raised against GFP (Clontech ; at a dilution of 1 : 1000), as described above.
Data analysis
Dose-response profiles were analysed by non-linear least-squares analysis, and EC &! values were derived using SigmaPlot (Jandel Scientific, Erkrath, Germany). The K i value for the antagonist was calculated using the equation 
RESULTS AND DISCUSSION

Expression of mGlu 1α -GFP in mammalian cell lines
HEK-293 cells, transfected with GFP, mGlu " α receptor or the mGlu " α -GFP fusion protein, were analysed by Western blotting (Figure 1c) . In good agreement with the predicted size of the recombinant receptor [1] , anti-(mGlu " receptor) antisera, which recognize the extreme C-terminus of the receptor, yielded a band of approx. 150 kDa in cells transfected with the mGlu " α receptor. In cells expressing the mGlu " α -GFP receptor fusion protein, this band was absent, but a fainter band of approx. 180 kDa (the predicted size of the fusion protein) was detected. An anti-GFP antiserum also recognized a 180 kDa band in mGlu " α -GFP receptor-expressing cells, in addition to a band at 30 kDa in cells transfected with GFP alone. None of these bands was detectable in untransfected cells.
Representative confocal microscope images of HEK-293 cells transfected with the mGlu " α -GFP fusion protein are shown in Figure 2 . A highly localized, ring-like distribution of fluorescence was detected which was co-incident with the edge of the cell (Figures 2a and 2b) , consistent with an association of the mGlu " α -GFP receptor with the plasma membrane. Plasmamembrane-associated fluorescence was generally even in terms of the intensity, although some cells did show a more punctate fluorescence. In addition, spots of intense fluorescence were present in the cytosolic compartment. No fluorescence was detected in the nucleus. In contrast, the fluorescence distribution in cells transfected with GFP alone was diffuse (Figure 2c ), and present throughout the cytosol and nucleus, as has been reported previously (e.g. [32] ), consistent with GFP itself not being localized to any particular intracellular compartment. No fluorescence was detected in untransfected cells that were observed under the same experimental conditions (Figure 2d ). Functional green fluorescent protein-tagged mGlu receptor 
Functional characterization of mGlu 1α -GFP in HEK-293 cells
To determine whether the mGlu " α -GFP fusion protein formed a functional receptor, Ca# + release from intracellular stores was investigated in individual cells using the indicator fura-red, which decreases its fluorescence on binding Ca# + (Figure 3a) . Responses were obtained with the endogenous ligand, -glutamate (100 µM), the prototypical, broad-spectrum mGlu receptor agonist (1S,3R)-ACPD (100 µM) and the group I-specific mGlu receptor agonist (S)-DHPG (100 µM). In contrast, the group II and III mGlu-receptor-selective agonists LY317206 (10 µM) and L-AP4 (1 mM) respectively had no effect. No specific agonists for mGlu " receptors exist, but an mGlu & -selective agonist, (RS)-CHPG (1 mM), did not elicit Ca# + release. Dose-response curves for -glutamate were constructed in mGlu " α and mGlu Figure 3b) , verifying that the responses were due to Ca# + release from intracellular stores. These results demonstrate that the mGlu " α -GFP receptor is able to couple to an effector mechanism in a manner similar to that of wild-type receptors.
Agonist-induced changes in mGlu receptor surface expression and function
Members of other classes of GPCRs internalize on prolonged exposure to agonist (e.g. [33] [34] [35] [36] ). -Glutamate (1 mM) over a 10 min period caused a rapid decrease in plasma-membraneassociated fluorescence in mGlu " α -GFP receptor-expressing cells (Figure 4) . The effect of -glutamate was associated with a transient change in the shape of the cells, which involved increased crenellation of the cell surface ( Figure 4a , panel 5 ; a movie in both Quicktime and AVI format can be seen at http :\\ www.BiochemJ.org\bj\341\bj3410415add.htm). This morphological change was reversed within 2 min of agonist removal, whereas the membrane-associated fluorescence signal took longer to recover (Figure 4b ). Pooled data from five individual cells are shown in Figure 5 . -Glutamate induced a 30p2 % decrease in the plasma-membrane-associated fluorescence, with a half-time (t" # ) of 6.7p0.9 min (Figure 5a ). The group I mGlu-receptorspecific agonist, (S)-DHPG, produced a similar effect ( Figure  5b ). In contrast, neither the group II-specific agonist LY317206 (Figure 5c ) nor buffer vehicle (Figure 5d ) had any significant effect. We investigated further the effects of -glutamate, the endogenous ligand for this receptor. The loss of membraneassociated fluorescence induced by -glutamate was dose-depe- . In addition, the internalization induced by 10 µM -glutamate was completely blocked by co-application of 1 mM (S)-MCPG. We also determined the minimum exposure time to 1 mM -glutamate required to detect a decrease in plasma-membraneassociated fluorescence (Figure 6b ). An exposure of 2 min was required to produce a significant decrease (11p2 % ; P 0.05, n l 5), whereas a 5-min exposure resulted in a near-maximal 23p2 % (P 0.01, n l 5) decrease in membrane-associated fluorescence.
The magnitude and time course of the decrease in plasmamembrane-associated mGlu " α -GFP receptor fluorescence is similar to the agonist-induced decrease in cell-surface expression of the alternative splice variant mGlu " β receptor immunoreactivity [37] when expressed in BHK cells. To determine whether the agonist-induced decrease in fluorescence observed in the present study was due to the removal of functional receptors from the membrane, we performed further Ca# + -imaging experiments in mGlu " α -GFP-expressing cells. Exposure to either vehicle or LY317206 for 10 min did not affect the subsequent ability of -glutamate to mobilize Ca# + from intracellular stores. In contrast, exposure to -glutamate caused a decrease in the subsequent Ca# + -mobilizing response to -glutamate (100 µM; n l 5, P 0.05) (Figure 7) . In terms of the integral of the Ca# + mobilization, this treatment led to a $ 50 % decrease in functional response. 
Simultaneous measurements of receptor movement and function
The relationship between the intensity of plasma-membraneassociated fluorescence and the functional response in individual cells was investigated further by simultaneous measurement of the Ca# + response and mGlu " α -GFP fluorescence. The use of fura-red, which has an emission profile that can be separated from GFP, allowed us to undertake these experiments, but did necessitate a slight decrease in image quality. In agreement with the experiments performed separately (Figures 4-7) , -glutamate (1 mM, 10 min) caused a decrease in both membrane fluorescence and the Ca# + -mobilizing response to a subsequent challenge with -glutamate (Figure 8 ). In these experiments we also examined whether there was any recovery in either the membrane fluorescence or the functional response following wash-out of -glutamate ; after 20 min of wash-out, there was recovery of both parameters.
Concluding remarks
Our data show that mGlu receptors are rapidly internalized following exposure to agonist, with a time course similar to that of other classes of GPCRs [34] [35] [36] [37] and GPCR-GFP fusion constructs [28] [29] [30] . This suggests that, despite their structural differences, similar mechanisms might exist to regulate the surface expression of both superfamilies of receptors. The loss of surface mGlu " α -GFP also follows a similar time course and magnitude to that of mGlu " β , as determined by using an N-terminal-directed antibody [37] . Surprisingly, in that study surface expression of mGlu " α was unaffected by agonist exposure. The discrepancy between that study and the data reported here might be due to the different cell lines used (BHK and HEK-293 respectively), since internalization of GPCRs coupled to phospholipase C has previously been shown to be dependent on cell type [36] .
The reasons for mGlu receptor internalization in response to agonist application are currently unclear, but one possibility is that rapid internalization could be related to a neuroprotective mechanism. For example, transient ischaemic episodes lead to an accumulation of extracellular -glutamate in the brain [38] , and it is known that blockade of mGlu " receptor activation can confer protection against post-traumatic neuronal death [17] . Thus the loss of mGlu " receptors from the plasma membrane might be part of a neuroprotective response to overexcitation of neurones. The ability of mGlu receptors to return to the cell surface following removal of agonist would allow the recovery of physiological function once an insult had passed. A second, nonexclusive possibility is that internalized receptor could serve an as-yet-unidentified signalling function. During synaptic transmission the extracellular concentration of -glutamate in the vicinity of mGlu receptors probably exceeds 1 mM [39] . However, whether the -glutamate concentration remains elevated for a sufficiently lengthy period of time under certain physiological conditions, e.g. during repetitive synaptic activation, for significant mGlu receptor internalization to occur has yet to be determined.
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